The energy state of the brain during and after transient cerebral ischemia was examined in rats by in vivo measurement of 3lP-nuclear magnetic resonance (NMR) spectra using a topical magnetic resonance spec trometer, EEGs and regional CBF (rCBF) were moni tored on the same ischemic models. Immediately after the induction of ischemia, the height of the ATP and phos phocreatine peaks in the spectrum began to decrease with a concurrent increase of the inorganic phosphate (P ) peak. The calculated pH from the chemical shift of Pi decreased during ischemia. The EEG pattern became flat immediately after ischemic induction. The rCBF de creased below the sensitivity level of the measuring in-
Brain function is maintained by energy derived from oxygen and glucose in the circulating blood. When the blood supply to the brain is interrupted, energy production in the brain is also disturbed. This energy production can be recovered only if the blood supply is restored within a reversible period, which in turn depends on the degree and duration of ischemia. Knowledge of the energy state of the ischemic brain is therefore essential to estimate the function of the brain. Energy metabolism has been measured in vitro using biochemical techniques (Hossmann and Kleihues, 1973; Siesj6, 1973; Levy strument . With 30-min ischemia, the 3Ip-NMR spectrum returned to a normal pattern rapidly after recirculation.
However, recovery of the EEG was delayed. The rCBF after recirculation showed postischemic hyperemia fol lowed by hypoperfusion. In cases of l20-min ischemia, none of the spectra showed recovery. Thus, we could investigate the dynamic process of pathophysiological changes occurring in the ischemic brain in vivo. Key Words: Cerebral ischemia-Electroencephalogram-In vivo energy metabolism-3IP-Nuclear magnetic reso nance spectrum-Regional cerebral blood flow-To pical magnetic resonance. and Duffy, 1977; Pulsinelli et aI., 1982; Carter et aI., 1983) . Since this technique requires many steps, such as dissection, fixation, and extraction of the brain tissues to make measurements, in vivo methods have long been sought.
Recent technology has made it possible to obtain in vivo 3l P-nuclear magnetic resonance (NMR) spectra from selected places in the living body non invasively by the introduction of the topical mag netic resonance (TMR) technique (Kogure et aI., 198 1; Thulborn et aI. , 198 1; N aruse et aI., 1983; Yo k ono et aI. , 1983; Naruse et aI. , 1984) . We ap plied this technique to the study of the energy me tabolism in ischemia experimentally induced in the brain of rats, comparing it with the results of EEGs and regional CBF (rCBF) recorded concurrently.
MATERIALS AND METHODS
Cerebral ischemia was induced in 35 Wistar rats weighing � 200 g each by a modification of the method reported by Pulsinelli and Brierley (1979) . Rats were di vided into three groups according to ischemic durations. 30, 60, and 120 min, following which blood flow was re stored in all animals. In vivo 3Ip-NMR spectra were ob tained by the TMR method during and after the ischemia.
EEGs were measured concurrently in all cases, and rCBF was measured in the group of 30-min ischemia.
Experimental cerebral ischemia
Rats were anesthetized by intraperitoneal injection of sodium pentobarbiturate and fixed to a surgical table. The operation was performed under a surgical microscope. A midline skin incision was made from the anterior ridge of the cranium to the first thoracic vertebra. The bilateral temporal and suboccipital muscles were removed to elim inate the phosphorus signals of the muscles. Vertebral arteries were electrically coagulated bilaterally at the level of the alar foramina on the first cervical vertebra.
Common carotid arteries were exposed bilaterally and ligated by surgical silk thread or surgical clips. This pro cedure caused a constant global ischemia selectively in the cerebrum, while the blood flow to the brainstem and the cerebellum was maintained via the collateral circu lation through the anterior spinal artery, thereby main taining spontaneous respiration and cardiac function. The hemodynamics of this model was confirmed by staining the brain after intravenous injection of India ink.
Once measurements were completed, the common ca rotid arteries were again exposed and the surgical threads or clips were removed. This procedure fully restored the circulation via the common carotid arteries and was con firmed through the microscope.
TMR measurements
A TMR-32 spectrometer (Oxford Research Systems, England) was used for the measurement of in vivo 31p_ NMR spectra. The rat was placed in the supine position at a point such that the brain was in the magnetic focus corresponding to a sensitive volume of 1. 8 em in diam eter. The homogeneity in this volume was �0.23 ppm at an operating static magnetic field of 1. 8 Te sla. A four-turn radiofrequency coil 1.3 cm in diameter tuned to the phos phorus frequency of 32. 5 MHz was positioned as close as possible to the head. During measurement, respiration was suspended and arterial Po, and Peo, were maintained within normal ranges. 31p_NMR spectr a were measured with a 1O-f.Ls pulse width; 125-500 scans were made at I s interval s.
Measurement of EEG
Scalp EEG was monitored with EEG model IA-26 (Sanei Instrument Co. , LTD, Japan). A needle electrode inserted at the parietal region was used as a monopolar lead, the reference electrode being placed on the ear.
EEGs were monitored concurrently from the same ani mals used for TMR.
Measurement of rCBF
rCBF was measured by the hydrogen clearance method (Pasztor et aI. , 1973; Ta mura et aI. , 1978) to assess the extent of ischemia. Because the electrodes used in this measurement disturbed the homogeneity of the magnetic field in the spectrometer, the rCBF was measured sepa rately on other rats that had the same pathological state as for TMR measurements. All rats for the measurement of rCBF were tracheostomized, and their heads were
fixed to a surgical table in the prone position. The res piration of rats was controlled by a handmade respirator.
Arterial Po, and Peo, were maintained within normal ranges. The n , a round t rephination 2 mm in diameter was made at the parietal region. Hydrogen gas was infused directly into the endotracheal tube through the respirator and adjusted to a constant flow rate. The concentration of hydrogen was measured by an electrode inserted through the trephination into the caudate nucleus. The caudate nucleus is one of the most sensitive sites for de tecting rCBF (Pulsinelli et al. . 1982) , as well as the place where the needle can be easily inserted. The system used for the measurement of rCBF consisted of a PHG 201 UH meter, a D2R-1 M recorder, and a DDU-l 00 computer (Unique Medical Co. , Ltd., Japan). The rCBF value was calculated automatically by the height-aver-area method.
RESULTS
A typical 3I p-NMR spectrum of a normal rat brain consisted of several sharp peaks superim posed on a broad one (Fig. I) . The former peaks come from the freely mobile phosphorus in the tissue, whereas the latter come from the phos phorus bounded in the membrane and the other macromolecules. The sharp peaks were identified as follows in order from the high resonant frequency (Narusc ct ai. no difference in 31 p-NMR spectra between a normal rat brain and an operated one in which the bilateral vertebral arteries were coagulated. Immediately after the bilateral common carotid arteries were ligated, resonant peaks of ATP and PCr decreased, while the peak of Pi increased. During the 30 min of ischemia, the chemical shift of the increased Pi peak became smaller than that of the normal one. Careful observation of the Pi peak revealed a small notch at -0.5 ppm. The or igin of this small notch is discussed later.
The preischemic EEG showed an a-wave domi nant pattern. However, immediately after ligation of the carotid arteries, the EEG became flat, showing the mixture with electrocardiogram signal. When the circulation of the bilateral carotid arteries was restored after 30-min ischemia, the ATP and PCr peaks recovered rapidly, the large Pi peak was reduced, and the chemical shift of the Pi peak re turned to normal within 30 min. However, the EEG still showed a nearly flat pattern at 30 min after recirculation, and it required � 12 h to return to normal.
Serial changes of the rCBF in a typical 30-min ischemia group are shown in Fig. 2 along with the 31 p-NMR spectrum. During the ischemic period.
hydrogen gas could not be detected by the electrode inserted in the caudate nucleus, showing that the rCBF fell below the detection threshold of the hy drogen clearance method. Immediately after re storing circulation, the rCBF rebounded to a level �50% higher than that of the preischemic state. However, it decreased gradually thereafter. reaching �60% of the preischemic state at 90 min after recirculation, and recovered to almost the same value as the preischemic state at 7 h after recirculation.
Reversibility of the 31 P-NMR spectrum was com pared among the three groups of different ischemic durations. The spectra recovered immediately after restoring the circulation of the carotid arteries in all 30-min ischemic rats. In the 60-min ischemic rats, the spectra did not recover in about half of the rats examined. In the 120-min ischemic rats. none re covered. All these results are summarized in Tahle I. Figure 3 shows the serial changes of the spectra in a typical 120-min ischemic rat.
DISCUSSION
NMR methods have recently heen applied for measuring phosphate compounds in vivo (Ackerman et aI., 1980; Gadian et al . . 1981; Grif fiths et aI., 1981) . In the present study, the IIp-NMR spectrum was successfully applied to ohserving the energy state of brain tissue in vivo and its dynamic changes before, during, and after brain ischemia. The cerebral ischemia model adopted (Pulsinelli and Brierley, 1979) was the most suitable one for this experiment. The lesion size is similar to that of the homogeneous magnetic field of the TMR ap paratus. High resolution of the spectrum is more easily obtained in rats than in other large animals such as cats and dogs. This is due to the lesser influence of small animals on the homogeneity of the static magnetic field; consequently, a small sen sitive volume up to 1.8 cm in diameter can be easily obtained.
Using 3I p-NMR spectra, we could observe the sequential changes of the energy state and the elec trical function of the brain concurrently in the same animal. Furthermore, we compared the data of 31 p_ NMR spectra and the EEGs with the rCBF data along the course of transient cerebral ischemia. En ergy metabolism, EEG. and rCBF were suppressed immediately after the induction of global cerebral ischemia in rats. However, careful observation at the early period of ischemia indicated that the ATP and PCr peaks still remained in the 31 p-NMR spec trum when the EEG became flat. As ischemia was prolonged, the ATP and PCr peaks decreased and the Pi peak increased progressively. From these re sults, there seemed to be some energy level threshold required to maintain electrical function. We observed this phenomenon in vivo for the first time.
Tissue pH can be calculated from the chemical shift of the Pi peak in 3I p-NMR spectra (Seo et al.. 1983) . Immediately after the induction of ischemia, oxidative phosphorylation is disturbed and acidosis progresses consequently. In the spectrum of the ischemic brain obtained in this experiment, the Pi peak split into two: one was a large peak shifted to a high resonant frequency. and the other was a small notch at the left side of the former one. There are several reports in which a split of the Pi peak has heen attrihuted to the difference in pH between ex tracellular and intracellular fluid (Navon et al.. 1(77) . In these experiments, the cells of tumors and bacterial cultures in the experiments were sus pended in a medium containing phosphate com pounds. However. our experiment was performed in the in vivo system of the brain. The extracellular space is very small (Nose et aI., 1983) , and conse quently the concentration of phosphates in the ex tracellular tluid is very low in brain tissue. There fore. t he phosphate signal from the extracellular space could not be measured in this experiment. We had removed the suboccipital muscles. but many muscles remained in the mandibular region. Even Sequential changes of the 31P-nuclear magnetic resonance (NMR) spectrum, EEG, and regional CBF (rCBF) in a typical case of 30-min ischemia. Immediately after the induction of ischemia, peaks I, II, III, and IV decreased in height rapidly. Peak VI-1 increased. When the circulation of the carotid arteries was restored, the pattern of the spectrum began to recover rapidly to a nearly normal pattern �30 min later. The EEG, which showed an almost flat pattern during the ischemic period, also recovered, but it took �12 h to return to normal. On the other hand, the changes of rCBF showed postischemic hyperemia followed by hypoperfusion, and returned to the control value � 7 h after recirculation.
when the four vessels were occluded, blood circu lation in the muscles was not disturbed. Therefore, we considered it reasonable that a small notch of the Pi peak originated from the muscles in the man dibular region and the large Pi peak from cerebrum. This implies that the tissue pH of the cerebrum be came acidotic, while that of the muscles remained unchanged. The cerebrum pH value was calculated from the chemical shift of the Pi peak to 6.52 at 30 min of ischemia in contrast to a normal pH value of 7. 27. When the circulation of the cerebrum was re stored after 30 min of ischemia, the 31 p_NMR spec trum recovered immediately, but the EEG recovery was delayed for � 12 h. The rCBF also recovered. But the course of its recovery was not simple. showing postischemic hyperemia followed by hy· poperfusion. Restoring the cerebral circulation aftel transient ischemia for 30 min induced the immediatt recovery of the nerve cell energy metabolism. Sinc{ the EEG is an integrated function of many nerv(
-20 -10 10 20 30 ppm , :IG.3. Sequential changes in the 31P-nuclear magnetic res )nance spectra of a typical case during and after 120 min schemia. The spectrum did not recover after recirculation.
cells, a longer time was required for the normal pat tern to be recovered. These phenomena have also been observed in in vitro experimental systems (Siesj6, 1973) . It was reported that energy metab olism in the cat cerebrum recovered after 1 h of ischemia (Hossman and Kleinhues, 1973; Hossman et al., 1976) . Recovery of energy metabolism was also reported in the cerebral cortex of gerbils after 1 h of ischemia (Levy and Duffy, 1977) . In our experiment, the process of recovery in the ischemic brain after recirculation was clearly proved in the in vivo system: The CBF recovered most rapidly, followed by the immediate recovery of the energy metabolism, and the cerebral electrical function re covered later.
Following a constant level of ischemia for > 120 min, the energy metabolism of the brain failed to recover. The limit of the duration of reversible isch emia in this model was found to be �60 min. On the other hand, it was reported that the energy me tabolism of the brain did not recover even after 8 min of anoxia (Yokono et al. , 1983) . The difference in the limits of reversible duration of the damage between these two models might arise from the dif-ferences in the pathophysiological state of the brain.
The physiological recovery of the cerebral cortex from ischemia has been proposed to be a function of the depth and duration of the ischemic episode (Carter et al. , 1983) . The results presented here ex amine the effect of ischemic duration on the re versibility of energy metabolism by an in vivo system.
The TMR method needs some further improve ments. At present, spectral resolution is not suffi cient for separating all phosphorus compounds, and an exact quantitative analysis could not be carried out. The focal magnetic measuring area could not be visualized directly. It takes a longer time, as much as several minutes, to obtain one spectrum; therefore, it is impossible to observe reactions oc curring within a shorter time span. Furthermore, the sensitive volume obtained in this experiment was too large to measure the focal changes in the global ischemia of the rats.
NMR-computed tomography, currently applied in the clinical field, and in vivo 3I p-NMR spectra have just been introduced for diagnosing human mate rials (Gadian et al. , 1981; Radda et al. , 1982) . The results presented in this report should, it is hoped, be of some benefit to the development of this tech nique and to the understanding of the pathophysi ological state of cerebral ischemia.
